This research is aimed to improve our knowledge on the dust formation and clustering in the ferroalloy industry. Specifically, this paper focuses on the evaporation of manganese metal, and how different parameters influence the evaporation rate. Experiments were done with pure manganese metal heated to between 1400 and 1700°C in a pure argon atmosphere, where the change in weight was measured to calculate the loss of manganese over time. A mathematical model was constructed to link theoretical values to the results from the experiments. The high control over the system parameters allowed for the validation, rejection or creation of values and theories used in the model.
The aerosols produced in most metallurgical processes may be harmful if inhaled and exposure to high levels of particles has been linked to cancer, pneumonia, chronic obstructive pulmonary disease (COPD) and other respiratory and cardiovascular syndromes [1] [2] [3] [4] [5] . Inhalation of certain manganese (Mn) compounds has also been linked to inflammation and neuropsychological disturbances [6] [7] [8] .
Characteristic properties of the particles, especially particle size and chemical composition, may influence their impact on human health. It is now well known that ultrafine particles (nanoparticles, particles <100 nm) have a much greater surface area and different physic-chemical characteristics [9] [10] compared to their larger counterparts. They may therefore be more reactive, behave differently in the respiratory system, and give rise to increased biological responses [11] .
As the chemical composition and morphology (particle shape) of particles originating from different ferroalloy industries and processes vary greatly, it is important to understand the mechanisms of which dusts are generated and how the characteristic properties of the particles depend on process parameters. With such knowledge, primary dust generation may be partially controlled.
An important and not yet thoroughly studied part of the dust formation from liquid manganese alloys such as ferromanganese (FeMn) and silicomanganese (SiMn) is the evaporation and gas-phase diffusion of manganese. In contrast to silicon, which has a very low vapor pressure and will mostly react with oxygen to form dust, manganese evaporates noticeably at temperatures close to the melting point. With silicomanganese, this leads to possible reactions between silicon oxides and manganese fumes, but can also cause a competition for oxygen close to the surface where if no oxygen reaches the surface, one might get no silicon in the dust at all. [12] Because of these reasons, the experimental study and subsequent modelling of evaporation rates of Mn is important.
Model development
In the production process for ferroalloys such as ferromanganese and silicomanganese, the produced melt is in contact with air during several steps of the process. Most notably during tapping, refining and casting, the melt is exposed to air without a protective slag layer over an extended duration. During this time, there are two possible reactions for each metal in the alloy, Evaporation and oxidation, which may be summed as shown in equation 1 and 2.
Me(l) => Me(g) (1) Me(l) + xO2(g) => MeO2x(s,l) (2) Both reactions are thermodynamically driven towards equilibrium, and the distance from equilibrium is the driving force of the mass flux. This work purely studies reaction 1. for pure manganese, and the equilibrium partial pressure for this reaction is defined as shown in equation 3. 
Where R is the gas constant, T is the temperature in Kelvin, and is the change in Gibbs free energy. The Gibbs free energy for each side of the equation is calculated as shown in equation 4.
(4)
Where S is the entropy and H is the enthalpy of formation. The flux from evaporation at the surface can then be defined as shown in equation 5, * * * * * (5) Here, NA is Avogadro's number, kB is Boltzmann's constant, and Mm is the molar mass of Mn. For diffusion, the flux can be defined by equation 6, * *
Where DiffZ is the diffusion layer thickness defined by equation 7 [13] , D is the diffusion coefficient, and n is the molar concentration of Mn(g) for equilibrium and bulk gas respectively. * . / * /
Reynold's number and Schmidt's number are defined by equation 8 and 9 respectively. L is here defined as the radius of the crucible, is the viscosity, v is the bulk flow velocity, D is the diffusion coefficient and is the density of the gas. * * (8) *
In order to model the evaporation and diffusion kinetically, diffusion coefficients for Mn and Ar gas as well as a Mn-Ar gas mixture were derived from Chapman-Enskog kinetic theory [14] calculations were applied to Mn-Mn and Mn-Ar pair interactions at a range of separation distances (3-7 Å) using the CFOUR program package [16] . These results were subsequently fitted to Morse potentials, respectively, since the Lennard-Jones potential was found not to reproduce the calculated interaction energy curves well enough. Expressions and values of collision integrals for calculating diffusion coefficients for the two types of potential were taken from literature [14, 17] .
The model for the evaporation was created in two parts: One that calculated the flux of vaporization using thermodynamic and kinetic data, and one that calculated the diffusion flux from flow conditions and kinetic theory. For each temperature and flow rate investigated experimentally (see section 3), the gas velocity over the metal surface was calculated using a Comsol model. The model uses finite element analysis, assuming steady state and incompressible flow, and using laminar flow conditions as the calculated Reynold's number for the relevant area is less than 100. The mesh used is shown in Figure 1 , it can be noted that a finer mesh is used near the metal surface. For the surfaces, no slip is the assumed boundary condition, and for each element, a form of the Navier-Stokes equation and the continuity equation are solved. The exact equations solved are shown in equation (10) and (11) [18] .
• ( ) 0 (11)
Where u is the velocity field, is the density, μ is the dynamic viscosity, p is the pressure, F is the external force, and I is the identity matrix. The flow pattern for one experiment is shown in Figure 2 , with Figure 3 showing a more detailed image of the flow pattern close to the metal surface. The thermodynamic data used in the model was taken from NIST-JANAF Thermochemical Tables [19] , where values for gases below boiling temperature were extrapolated from the data given. The extrapolated data was found not to deviate much at 1400 °C. Other parameters used in the model are listed in table 1. These two parts are both dependent on the partial pressure of Mn(g) just above the surface of the metal. We know however, that under stable conditions, there is a constant flux of vapour from the surface to the bulk phase, which means the flux from metal to diffusion layer and through the layer to the bulk must be equal. Using the solver function in Excel, the partial pressure at which these two fluxes are equal can then be found, which gives the total flux through the system.
Experiments
The apparatus used for the experiments was a graphite tube furnace, the design which is sketched in Figure 2 . The inside of the furnace was kept in an 6N argon atmosphere of around 1.3 bar to avoid oxidation. Inside the graphite tube, an alumina crucible with height 40mm and diameter 27mm was used as the container for the experiments. The crucible was fitted with a lid to further limit contamination from the surrounding atmosphere, and an alumina paste was used to seal the lid. An alumina tube with inner diameter of 3mm was inserted into a hole in the center of the lid, through which argon was blown into the crucible. Another hole in the lid with diameter 3mm was the only outlet in the system. Figure 3 shows a crucible after a finished experiment, without the alumina tube. The crucible was filled with 15 (+/-0.5) grams of 99.9% Mn chips. The chips had a slightly tarnished, oxidized surface before the experiments and as such, there was a small amount of oxide present in the experiments. However, as a first approach, this was assumed not to affect the evaporation rate. Each sample was pre-treated at 150 °C for 30 minutes to remove any humidity from the sample and the sealing paste, and the crucible set-up was weighted before and after pre-treatment as well as after the experiment. Longer pre-treatment time or higher temperatures were found not to produce any further weight loss in the sample.
The sample was inserted into the furnace, which was then vacuumed to between 80 and 200 mTorr before it was purged with argon and kept at around 1.3 bar. After purging, the chamber was heated to the desired temperature over 30 minutes and held at that temperature for further 60 minutes before being cooled. During the entire heating, holding and cooling period, argon was inserted through the alumina tube at a constant flowrate. The different temperatures and flowrates for each experiment are shown in Table 2 . After cooling, the crucible weight was again measured and the mass loss calculated. As the only reaction happening was evaporation of Mn, the flux of Mn out of the system could be calculated for each experiment.
Results
The measured weight losses for each experiment are shown in Table 3 together with the calculated mass flux and the parameters. Figure 4 show the mass loss as a function of the flow rate with linear trend lines for each temperature. 
Discussion
The crucible from experiment 10 (1400, no Ar flow) has increased in weight by a very small amount. A potential reason for this might be a small amount of oxygen, supplied either from the ppm concentration in the Ar, the alumina crucible or from the tarnished starting Mn-chip surface reacting with the metal to form heavier oxides. The amount would not be very high however, and it is assumed that there has been practically no evaporation of manganese in this experiment.
The two experiments at 1700 °C and with 1 l/min flow rate were found to have very little metal left at the end of the experiment. This would likely cause a lower rate of evaporation during the later stages of the experiment as the surface area would be smaller. This would also explain why there is not the same linearity for the 1700 °C experiments as for the lower temperatures. Figure 5 shows the inside of crucible #13, where the metal content has been reduced to the point where it no longer covers the full area of the crucible. The model does show the same tendency to taper off at higher flow rates, but not to the same degree as in the experiments.
Data from the experiments can be compared with the model, which was used to generate data points for the same parameters as the experiments. These values are shown in Table 3 , and plotted in Figure 6 . Figure 7 shows both data sets together.
The curves are similar, but the model has evaporation rates that are about a fourth of the experimental values. Figure 8 shows both data sets together, but with the values from the model multiplied by 4 to show the similarities in the curves. 
Conclusions
In order to better understand the kinetics of fume/dust formation in the Mn-ferroalloys production industries, experiments investigating the evaporation rate and diffusion of Mn in an argon atmosphere at different temperatures and flow conditions, have been carried out. The results were compared to values calculated using a mathematical model of the same system. There was a mismatch in the results between model and experiments on the scale of factor 4, but the trends shown were very similar. Possible uncertainties in the model include the diffusion coefficient, enthalpy and entropy at lower temperatures, approximation of Reynolds number, and the gas velocities from the Comsol model.
There are also uncertainties in the experimental work, which could have influenced the experimentally obtained results. The evaporation during heating and cooling might have been measurably large, as there is up to fifteen minutes of time where the temperature is above the melting point during heating and cooling. The flux would in that time probably lie between the values for our experiments. The thin layer of oxide might have slowed the evaporation process, and the temperature profile might be inaccurate as there is a delay between the outside of the tube where the furnace measures temperature, and the inside of the crucible.
The data from the experiments can be further used when modelling the dust formation in more complex systems where Mn evaporation is just a part of the whole. If improved, the model can also be expanded to take further reactions into account.
Further work
This work is the beginning of a larger study, and there is much work still to be done. Following is a list of planned work in the continuation of the project:
 Perform experiments where the temperature is measured inside the crucible to find temperature delay.  Perform experiment without holding time to measure mass loss during heating and cooling.  Etch the Mn before the experiment to remove any oxides.  Use a crucible that doesn't contain oxides.  Perform experiments with 0.25 l/min flow rate for 1400 and 1700°C.  Review assumptions and uncertainties in the model, and then improve on it.  Continue the experiments and model work with manganese and iron alloys, as well as including oxygen in the gas.
